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Abstract 

Osteogenic protein-1 (OP-1) is expressed in the developing nervous system and it has been found to induce dendritic growth in 
sympathetic neurons. To further characterize this phenomenon, the effects of OP-1 were compared to those of other members of 
the bone morphogenetic protein (BMP) family of growth factors. Recombinant human OP-1 , BMP-6, BMP-2 and the Drosophila 
60A protein induced dendritic growth in rat sympathetic neurons in a concentration-dependent manner with ECso-values of 1 .8, 
1.0, 1.7 and 2.7 ng/ml, respectively. In contrast, BMP-3 and cartilage-derived morphogenetic protein-2 (CDMP-2) as well as 
other classes of growth factors were inactive at concentrations up to 50 ng/ml. The dendritic growth induced by OP-1, BMP-6, 
BMP-2 and 60A was accompanied by increased expression of microtubule-associated protein-2 (MAP2) without changes in the 
expression of the phosphorylated forms of the M and H neurofilament subunits. These results suggest that several members of 
the BMP family have the capacity to regulate the morphological development of sympathetic neurons and that they may act by 
induction of specific cytoskeletal proteins. © 1998 Elsevier Science Ireland Ltd. 
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Osteogenic protein-1 (OP-1) is a member of the bone 
morphogenetic protein (BMP) family of growth factors. 
OP-1 was originally identified using a bioassay that mea- 
sured bone formation [17]. However, this protein is also 
expressed in the developing and mature nervous system 
[3,4] and in vitro studies indicate that it can profoundly 
affect many aspects of neuronal development [2,12,14- 
16,18], including dendritic growth [10,1 1]. Since dendrites 
are the primary site of synapse formation, we felt it was 
important to further characterize the effects of members 
of the BMP family of proteins on the growth of these pro- 
cesses. Based on sequence similarity, BMPs can be cur- 
rently divided into three subgroups [6,8,9]. The 60 A 
subgroup consists of OP-1 (aka BMP-7), OP-2 (aka BMP- 
8), BMP-5, BMP-6 (aka Vgrl) and Drosophila 60A. BMP- 
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2, BMP-4 and Drosophila decapentaplegic (dpp) constitute 
the dpp subgroup. Members of the third subgroup include 
BMP-3, cartilage-derived morphogenetic protein-2 
(CDMP-2)/BMP-l3 and all other BMPs. Members of both 
the 60A and dpp subgroups have been found to have effects 
on neuronal cell development [3,7,1 1,1 2, 16, 19]. However, 
the responses of various neuronal subpopulations have been 
variable, with some types of cells responding to both groups 
of growth factors and others responding to only one group. 
In this study, we compared the effects of members from 
each of the BMP subgroups on dendritic growth. In addi- 
tion, to further understand how these growth factors selec- 
tively stimulate dendritic growth, we have examined their 
effects on the expression of cytoskeletal proteins. 

Sympathetic neurons were dissociated from the superior 
cervical ganglia of Holtzman (Harlan Sprague-Dawley) rat 
fetuses (E21) or pups (1 day postnatal) and then plated onto 
poly-D-lysine-coated covers! ips according to the method of 
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Fig. 1. Effects of BMP-6 on the morphological development of sym- 
pathetic neurons. Phase-contrast (A,C) and fluorescence (B,D) 
micrographs of neurons immunostained with an antibody (SMI32) 
to the non-phosphorylated forms of the M and H neurofilament sub- 
units. Neurons in control cultures (A,B) typically had no dendrites 
whereas cells exposed to OP-1 (50 ng/ml for 5 days) (C,D) usually 
had several branched and tapered dendrites. Scale bar, 50 /xm. 

Higgins et al. [5]. The cells were maintained in a serum-free 
medium that contains nerve growth factor ( 1 00 ng/ml), and 
non-neuronal cells were eliminated by exposure to cytosine- 
jS-D-arabinofuranoside ( 1 /*M) for 48-72 h beginning on the 
second day after plating. The morphology of the neurons 
was assessed by intracellular injection of the fluorescent dye 
Lucifer yellow (4%) and by immunostaining with dendrite- 



specifk antibodies. These included monoclonal antibody 
SMI32 (Sternberger Monoclonals) which recognizes non- 
phosphorylated epitopes on the H and M neurofilament sub- 
units and AP20 (Sigma) and SMI52 (Sternberger Monoclo- 
nals) which both react with microtubule-associated protein- 
2 (MAP2). Highly purified recombinant human proteins 
(OP-1, BMP-2, BMP-3, BMP-6 and CDMP-2) and Droso- 
phila 60A were prepared by previously published methods 
[17] and provided by Creative Biomolecules. 

For Western blot analysis of cytoskeletal proteins, sym- 
pathetic neurons were plated onto poly-D-lysine coated 35 
mm dishes and treated with 50 ng/ml of various BMPs for 5 
days. Cells were then scraped off dishes in 50 mM Tris 
buffer (pH 7.4) containing 0.1% sodium dodecyl sulfate 
(SDS), 2% 2-mecaptoethanol and 1 mM EDTA and homo- 
genized by passaging through a 23 gauge needle at 4°C. Cell 
extracts were centrifuged at 12 000 x g for 15 min and the 
protein concentrations of the supernatants were determined 
using the Bradford dye reagent (Bio-Rad). Equal amounts of 
proteins were resolved by SDS-PAGE, electrophoretically 
transferred onto a nitrocellulose membrane, and probed 
with antibodies to MAP2 or an antibody (SMI3 1 ; Sternber- 
ger Monoclonals) to the phosphorylated forms of the H and 
M neurofilament subunits. Detection was accomplished 
using Chemiluminescent Substrate (Pierce Chemical) after 
sequential treatment with biotinylated goat anti-mouse IgG 
(HyClone) and with horseradish peroxidase-conjugated 
streptavidin (Amersham). 

Sympathetic neurons typically extend only a single axo- 
nal process when they are grown in serum-free medium [11] 
and this unipolar morphology persists for several months 



Table 1 

Effects of different growth factors on dendritic growth in rat sympa- 
thetic neurons 



Growth 


Dendrites 


Cells with 


Length of 


EC^ng/ml) 


factor 


per cell 


dendrites 


the longest 








(%) 


dendrite (/im) 


Control 


0.2 ±0.1 


13 


6±4 




OP-1 


4.6 ± 0.5* 


100 


112 ±6* 


1.8 


BMP-6 


5.5 ± 0.4* 


100 


123 ±7* 


1.0 


BMP-2 


4.9 ± 0.5* 


100 


107 ±6* 


1.7 


60A 


1.2 ±0.3* 


73 


51 ±9* 


2.7 


BMP-3 


0.4 ± 0.2 


25 


16±8 




CDMP-2 


0.3 ±0.1 


18 


13±7 




TGF-01 


0.1 ±0.1 


11 


7 ±5 




GDNF 


0.3 ±0.2 


20 


13±8 




BDNF 


0.4 ± 0.2 


29 


19±8 




NT-3 


0.3 ±0.1 


18 


9±5 




NT-4 


0.3 ± 0.2 


17 


7±4 





Sympathetic neurons were exposed to 50 ng/ml of each of the 
growth factors for 5 days and then immunostained with a dendrite 
specific antibody (SMI32). Cellular morphology was analyzed by 
fluorescence microscopy using Metamorph software (Universal Ima- 
ging). Data are presented as the mean ± SEM (n = 20-30). 
*P<0.01 versus control (Student's /-test). TGF, transforming 
growth factor; GDNF, glia-derived neurotrophic factor; BDNF, 
brain-derived neurotrophic factor; NT, neurotrophic 
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Fig. 2. Concentration-effect relationships for the effects of different 
BMPs on dendritic growth. Sympathetic neurons were exposed to 
various concentrations of BMP-6, BMP-2, OP-1, 60A, BMP-3 or 
CDMP-2 beginning on the 5th day in vitro and then immunostained 
on day 10 with an antibody (SMI32) to the non-phosphorylated forms 
of the M and H neurofilament subunits. Data are presented as the 
mean ± SEM (n = 30). 

(Fig. 1). Treatment with maximally effective concentrations 
(50 ng/ml) of OP-1, BMP-6 or BMP-2 for 5 days caused 
virtually all of the neurons to form dendrites (Table 1). 
These processes exhibited a distinct taper, branched at 'Y' 
shaped angles, and extended ~100 fim from the cell bodies 
after 5 days of treatment (Fig. 1). Examination of concen- 
tration effect relationships (Fig. 2) revealed that the EC 50 - 
values for BMP-6 (1.0 ng/ml) and BMP-2 (1.7 ng/ml) were 
similar to the EC 50 -value for OP-1 (1.8 ng/ml) and that 
maximally effective concentrations of these three growth 
factors usually had equivalent effects on the cells as 
assessed by both the number of dendrites per cell and the 



length of the longest dendrite (Table 1). Moreover, the 
effects of OP-1 and BMP-6 were not additive (data not 
shown) suggesting that the two ligands may share aspects 
of a common signaling pathway. 

60A also stimulated dendritic growth and the EC 50 (2.7 
ng/ml) for this activity was similar to that for OP-1 and 
BMP-6. However, 60A was less efficacious and at maxi- 
mally effective concentrations caused cells to form fewer 
dendrites (1.2/cell) than either OP-1 or BMP-6 (4.6 or 5.5/ 
cell, respectively). At the highest concentration tested (100 
ng/ml), BMP-3 and CDMP-2 produced a slight but statisti- 
cally significant increase in dendritic growth. However, 
both BMP-3 and CDMP-2 as well as other growth factors 
belonging to the TGF-/3 family (TGF-/31 and GDNF) or the 
neurotrophin family (BDNF, NT-3 and NT-4) were inactive 
at concentrations up to 50 ng/ml (Table 1). It therefore 
appears that dendrite promoting activity is primarily asso- 
ciated with the dpp and 60A subgroups of the BMP family 
and the structural requirements for this activity are stringent. 
Thus OP-i, BMP-6, BMP-2 and 60A, which share a high 
sequence identity (89-90%) in the conserved 7-cysteine 
domain of BMPs, promote dendritic growth, whereas 
BMP-3 and CDMP-2, which exhibit 78 and 82% identity 
to the 7-cysteine domain of OP-1, respectively, fail to 
induce dendritic growth. 

High molecular weight forms of MAP2 are expressed 
primarily in the dendrosomatic compartment and are 
excluded from the axons of most mature neurons [13]. 
Moreover, suppression of MAP2 expression has been 
shown to inhibit neurite formation [1], Therefore, we con- 
sidered the possibility that BMP-induced dendritic growth 
might be associated with increased expression of MAP2 in 
cultured sympathetic neurons. Cultures exposed to OP-1, 
BMP-6, BMP-2 or 60A for 5 days exhibited significant 
increases (2.3 ± 0.4, 2.9 ± 0.5, 3.0 ± 0.4 or 1.8 + 0.3 fold, 
respectively) in the expression of high molecular weight 
forms of MAP2 when compared to control cultures whereas 
cultures exposed to CDMP-2 did not (Fig. 3). Moreover, the 
efficacy of the various agents in increasing MAP2 expres- 
sion correlated with their ability to induce dendritic growth. 
In contrast, none of the agents tested affected the expression 
of the phosphorylated forms of the H and M neurofilament 
subunits which are primarily found in axons. 
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Fig. 3. Effects of various BMPs on the expression of cytoskeletal proteins. After non-neuronal cells had been eliminated, sympathetic neurons 
were treated with control medium (C) or with 50 ng/ml of OP-1 , BMP-6, BMP-2, 60A or CDMP-2 for 5 days. Cultures were then solubilized and 
subjected to Western blot analysis for MAP2 which had an apparent molecular weight of 280 kDa and for phosphorylated forms of the H (NF H) 
and M (NF M) neurofilament subunits which had apparent molecular weights of 200 and 160 kDa, respectively. The chemiluminescent auto- 
graphs are representative of three experiments which yielded similar results. 
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It has been reported that BMPs can modulate neural dif- 
ferentiation by increasing the expression of molecules 
involved in cell adhesion and in the synthesis of neurotrans- 
mitters [2,14-16,19]. Our data indicate that exposure to 
BMPs can also produce changes in the composition of the 
neuronal cytoskeleton and that these growth factors selec- 
tively enhance the expression of an MAP which is found in 
dendrites and is required for the growth of these processes. 
These observations suggest that regulation of MAP2 expres- 
sion could be one of the mechanisms by which BMPs reg- 
ulate the morphological development of sympathetic 
neurons. 

This work was supported by grant IBN93 19710 (D.H.) 
from the National Science Foundation. 
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